(numbering according to chick ␣7 nAChR; see Figure 1 and ␣7-2 in Table 1 ). Subsequently, the same set of mutations was shown to convert the selectivity of the homooligomeric 5HT 3 receptor from cationic to anionic (Gunthorpe et al., 1994) .
In the present paper, we analyze the contribution of each of these three types of mutations to the conversion of ionic selectivity by site-directed mutagenesis of the ␣7 receptor expressed in Xenopus oocytes. Our results provide evidence that the cytoplasmic border of M2 critically contributes to the charge selectivity filter of the ion channel. On the basis of these findings, we propose, by analogy with the voltage-gated potassium channel (Doyle et al., 1998), a hypothetical but plausible model for the functional architecture for the nAChR ion channel. propose to refer to the proline insertion as "exclusive" for anionic selectivity. Second, the E237A and V251T located at the N-terminal (cytoplasmic) end of the M2 mutations are fully compatible with a functional cationic transmembrane segment: the intermediate ring of charged channel, either when introduced together (␣7-6) or alone residues (E237A) and the insertion of a proline between (␣7-5 and ␣7-4, respectively). We propose to refer to these mutations as "permissive" for anionic selectivity. positions 236 and 237, referred to here as position 236Ј 
Results

Mutations Required for Anionic Selectivity
------------PA--G----------T--SG--N
(120)
0.24 1.6 A nAChR ␣7-2
------------PA-------------T-------
(114)
0.23 1.8 A nAChR ␣7-3 
------------PA---------------------
N D N D N D nAChR ␣7-4 ------------_--------------T-------
------------_A-------------T-------
(1522)
0.98 2.0 C nAChR ␣7-7
------------P----------------------
20
ND ND ND nAChR ␣7-8
------------P--------------T-------
N D N D N D
Residues indicated by arrows in the chick ␣7 sequence correspond to those that are believed to face the lumen of the ion channel, bold residues correspond to mutations introduced in the wild type ␣7 subunit, and underlined residues indicate insertions. The current amplitude, EC 50 , n H , and ionic selectivity are given for the ACh-evoked currents and are taken from Galzi et al. (1992) , except for (1) the current amplitude of ␣7-1, ␣7-2, and ␣7-6, which were reinvestigated herein and given in parenthesis, and (2) the new ␣7-8 mutant (18 oocytes with no ACh response). ND, not determined. Figure 2G (92, 50.5, 19.75, and 9.5 mM external chloride) after substitution of chloride with mannitol. Each point represents the mean value of at least three experiments (see also We observed that oocytes injected with ␣7-2 displayed leak currents of much higher amplitude than those expressing the wild-type ␣7 receptor. Application of the competitive antagonist methyllycaconitine (MLA) at a high concentration (1 M) produced a significant decrease of this current ( Figure 2B Figure 2D ; see also Figure 2B ), to which must be subtracted the intrinsic leak of the oocytes that is typically in the range of Ϫ30 to Ϫ60 nA at a holding potential of Ϫ100 mV. In the case of ␣7-6, the leak current represents a much smaller fraction of the total current, with 1522, 54, and 135 nA for the AChevoked, MLA-inhibited, and MLA-insensitive currents, respectively (Table 2 and Figure 2C ; see also Figure 2A ). In this work, we did not further investigate the MLAinsensitive leak current since we could not identify either a competitive or a noncompetitive inhibitor that could allow its isolation from the intrinsic leak current of the oocyte.
A complete analysis of these channels requires the measurement of the selectivities of both the AChevoked and MLA-inhibited currents. Replacing NaCl (control) by mannitol for ␣7-2 shifts the reversal potential (Erev) of the ACh-evoked currents toward positive values, from Ϫ37 to ϩ16 mV (squares in Figure 2G ), a result consistent with an anionic channel according to the Nernst relation (Galzi et al., 1992). We verified that the Erev remain unchanged in the presence of the calcium chelator BAPTA, indicating that the chloride currents are not due to the opening of the endogenous calciumactivated chloride channels of the oocyte (data not shown). Identical experiments were performed on a subset of the anionic receptors described herein, and in Table 2 Figure 2G shows that identireceptor selective to anions (Table 3) . This further supcal dependencies on external ion composition were obports an indirect contribution of the V251T mutation to served for both the MLA-inhibited leak current (triangles) the conversion of ionic selectivity. and the ACh-evoked current (squares), showing that In contrast, when V, C, Y, and A occupy position 251, both currents are anionic (Table 2 ). In the case of ␣7-6, along with the P236ЈE237A mutations (corresponding the ACh-evoked currents have been shown to be catto ␣7-3, ␣7-24, ␣7-25, and ␣7-26, respectively; Tables ionic (Galzi et al., 1992) . Similarly, the Erev of the MLA-1 and 4), the ACh-evoked currents were very small or inhibited leak current was not significantly affected by not detectable and the leak current ranged within the the replacement of NaCl with Na gluconate but shifted intrinsic leak of the oocyte. However, for ␣7-24 and toward negative values following the substitution by ␣7-25, a significant amount of [ 125 I]␣-Bgtx binding was mannitol, from Ϫ34 mV to Ϫ82 mV (Table 2 ), a result observed at the oocyte surface (Table 4 ). This indicates consistent with a cationic selectivity. Overall, these exthat no dramatic alteration of receptor expression ocperiments demonstrate that a significant fraction of the curred and suggests that the introduction of either C or ␣7-2 and ␣7-6 receptors spontaneously open in the ab-Y at position 251 prevents normal functioning of the sence of agonist and are modulated by MLA. The MLAreceptor, possibly by altering the activation process or inhibited and ACh-evoked currents display the same by decreasing the intrinsic conductance of the ion ionic selectivity. Thus, the conversion of ionic selectivity channel. from cationic to anionic equally affects the spontaneous and ACh-evoked currents.
Positions 234 and 238 as Borders for the Exclusive Effect of Proline Insertion Indirect Contribution of the Permissive
The key mutation for the conversion of ionic selectivity V251T Mutation is the insertion of a proline at the cytoplasmic end of To further evaluate the contribution of residue 251 to M2. Several plausible mechanisms may underlie the the chloride conductance, we introduced at this position conversion of the ionic selectivity caused by the proline a series of residues in combination with P236Ј and insertion. An extra residue at this position could have E237A (Table 3) 
. Introduction of different amino acid conformational effects. Proline is known to facilitate side chains (T, S, N, H, D, and K, corresponding to
conformational changes via cis-trans isomerization of ␣7-2, ␣7-9, ␣7-10, ␣7-11, ␣7-12, and ␣7-13, respectively) the peptide bond and to disrupt secondary structure confers a phenotype similar to that of the ␣7-2 receptor, motifs. The resulting conformational reorganizations that is, channels displaying both ACh-gated and leak may either be limited to the neighboring amino acids or currents, the ACh-gated currents being anionic as dempropagate into the M2 segment that lines the ion pore. onstrated by sodium gluconate and mannitol substituTo evaluate these possibilities, the locus of insertion tion experiments. Furthermore, as shown in Figure 2H was systematically investigated in combination with the for mutations V251T, S, H, and D (␣7-2, ␣7-9, ␣7-11, and permissive E237A and V251T mutations. ␣7-12), the plots of the Erev as a function of the external As shown in Table 3 , insertion of a proline residue at chloride concentration on a semilogarithmic scale yield either position 234Ј (␣7-16), 236Ј (␣7-2), or 237Ј (␣7-17) straight lines that are readily fitted by the Nernst equaresulted in functional receptors displaying comparable tion. This indicates that the Erev is dictated by the extercurrent amplitudes and anionic selectivity. Insertion of nal chloride concentration without detectable contributhe proline upstream at position 233Ј (␣7-15 in Table 3 ) tion of other ions.
yielded an unusual phenotype. The time course of the We also investigated the leak currents resulting from currents presented in Figure 3A shows that the receptor the injection of the V251N, D, and K mutants (␣7-10, is activated by MLA and inhibited by high concentrations ␣7-12, and ␣7-13) ( Table 2 ). Application of MLA on ooof ACh and that high leak currents are present. Proline cytes expressing these constructs revealed that ␣7-10 insertion at 233Ј thus profoundly alters the allosteric and especially ␣7-12 displayed MLA-inhibited current of transitions of the receptor molecule. However, a dehigher amplitude than their corresponding ACh-evoked crease in Erev was found for both the ACh-inhibited and currents, whereas no MLA-inhibited current was ob-MLA-evoked currents when external NaCl is substituted served for the ␣7-13 mutant (Table 2) . This illustrates by mannitol (Tables 2 and 3 ). This indicates that this that mutations at position 251 modulate the fraction of mutant is permeable to cations. In addition, the despontaneously open versus activatable populations of pendances of the Erev as a function of the external receptors. For the ␣7-10 and ␣7-12 mutants, the MLAconcentration of sodium for the ACh-inhibited currents inhibited leak currents were found to display the same are shown in Figure 3B . The straight line represented anionic selectivity as the ACh-evoked current (Table 2) .
was computed with a Goldmann-Hodgkin-Katz equation Altogether, these data demonstrate that the V251T muassuming only a permeability for sodium and potassium tation can be replaced by a series of hydrophilic muta-(see figure legend). Any additional permeability would tions yielding in all cases anionic channels. In particular, cause a less steep slope of the curve. Note that chloride the observation that mutants V251D and V251K both dependency would cause an inversion of the slope. This display an anionic selectivity, despite a possible eleccationic selectivity contrasts with the one of ␣7-16, tronic repulsion with aspartate, suggests that the side where the proline insertion is performed at position 234Ј. chain does not interact directly with the permeant chloThis construct displays a typical ␣7-2 type pharmacolride ion. We also tested whether mutations at other ogy, with both the ACh-evoked and MLA-inhibited curpositions could substitute for the permissive V251T mutation. Interestingly, we found that the L247T mutation rents being carried by chloride ions (Figures 3C and 3D ; 
Ϫ49 (2) Ϫ42 (2) C On the sequences, bold residues correspond to mutations introduced in the ␣7 subunit, and underlined residues indicate insertions. Mean amplitudes (given in absolute values) were measured at a holding potential of Ϫ100 mV, with 100 M ACh. Reversal potentials were determined at 100 M ACh. Each value represents the mean of n recordings (n in parenthesis) performed on different oocytes. Reversal potentials were measured after substitution of 90% NaCl with Na gluconate or mannitol. ND, not determined.
* Ionic selectivities taken from Galzi et al., 1992. On the sequences, bold residues correspond to mutations introduced in the ␣7 subunit, and underlined residues indicate insertions. Each value represents the mean of n recordings (n in parenthesis) performed on different oocytes. ND, not determined. Tables 2 and 3) . Thus, the single inversion of the proline 3). Both the ACh-evoked and MLA-inhibited leak currents of ␣7-18 were found to be anionic by reversal position in the amino acid sequence DP to PD, in combination with the permissive E237A and V251T mutations, potential analysis ( Figure 3F ). Overall, these data do not support a conformational reorganization of the M2 no longer gave the conversion of ionic selectivity. We propose that D234 acts as an anchoring point within segment as a mechanism for the cationic to anionic conversion ( Figure 3G ). the loop structure, beyond which the conformational reorganization does not propagate, as illustrated in Fig (Table 4) . This indiACh-evoked currents (corresponding to ␣7-20, ␣7-19, ␣7-21, and ␣7-22, respectively; Table 3 ). A significant cates that insertions within the M2 segment alter the expression of the protein. We also tested a simple mechreduction of both the ACh-evoked and leak currents was however observed in the case of the ␣7-21 and ␣7-22 anism whereby the proline insertion produces an "en bloc" shift of the M2 segment by one residue. Such receptors. Mutant P236ЈA had previously been shown not to alter significantly the ionic selectivity of ␣7-2 (Galzi reorganization of M2 would expose the side chain of an amino acid located at position i-1 to the lumen of the et al., 1992). This shows, together with the observation that the proline residue can be inserted at almost any channel to confer anionic selectivity. We thus combined in the E237A/V251T construct, the proline insertion at position within this loop, that the nature of each individual amino acid within this loop is not critical for anion position 236Ј together with a downstream deletion at the level of residues T244 (␣7-34), V245 (␣7-35), and selectivity, even though the mutations S235A and G236A resulted in decreased currents. T250 (␣7-36) ( Table 4) . None of these constructs yielded detectable ACh-evoked or significant leak currents in We also tested whether the proline insertion could be substituted by an alanine insertion. Along with the E237A oocytes.
Another feature of the cytoplasmic border of M2 is the and V251T, the alanine insertions A234Ј (␣7-30) and A235Ј (␣7-31) (Table 4) For the ␣7-2 receptor, we have shown that the D234 of the typical anionic channel ␣7-1, the substitution K238Q (␣7-18) had no effect on ion permeability (Table  and K238 rings of charged residues could be mutated to A (or N) and Q, respectively, giving anionic channels detectable effect on the electrophysiological properties of the receptor. In contrast, no surface expression was (Table 3) . We, however, found that mutating both rings at the same time (␣7-37) impaired the surface expression observed when the two positions were mutated into alanine (␣7-38 in Table 4 ). This shows that some mutaof the protein (Table 4) . Similarly, in the case of the cationic V251T receptor (␣7-4), the mutation E237A tions within the 234-238 loop, such as the removal of the two rings of charged residues or the insertion of (␣7-6) resulted in a cationic channel with a 1.9-fold decrease in the maximal ACh-evoked current (Table 1) . alanine residues, also dramatically alter the surface expression of the receptor. The mutation of the inner ring D234A (␣7-23) had no
Discussion
Mutations at two distant regions, one within M2 and the others at its cytoplasmic border, are required to Within the family of ligand-gated ion channels, cationobtain an anionic channel. The present analysis indiselective channels, such as the nAChRs, weakly discrimcates that mutations within M2, at position 251 or 247, inate between monovalent cations (Adams et al., 1980) . are not directly involved in this mechanism since (1) For instance, the ␣7 neuronal receptor displays a permealone, the V251T mutation is compatible with a cationic ability ratio P Na /P K of 0.5 (Bertrand et al., 1993) . Similarly, channel and (2) the introduction of polar or even posithe anion-selective members, the glycine and GABA A tively or negatively charged residues instead of the V251 receptors, weakly discriminate among monovalent anor L247 (along with P236Ј and E237A) always results in ions (Bormann et al., 1987) . The present work aims at anionic channels. In contrast, at the cytoplasmic border the identification of the specific regions that determine of M2, the proline must be inserted between positions the charge selectivity of such physiologically important 234Ј and 237Ј to yield a functional anionic channel. When receptors.
inserted labeling (Galzi and Changeux, 1995). These data thus 1997). We found here that these spontaneous leak cursupport the notion that insertions within the 234-238 rents are dramatically increased when the proline is inloop do not alter to a large extent the orientation of the serted within the 234-238 loop. Furthermore, in all cases M2 segment. This is consistent with our finding that tested, the spontaneous currents and the ACh-evoked any insertion, or combined insertion/deletion performed currents were found to be carried by the same ions. This within the M2 segment does not allow protein expressupports the view that both types of currents can be sion. Indeed, the M2 segment is expected to be congenerated by the same allosteric state of the receptor strained by tertiary interactions occurring at the level of protein. In agreement with this notion, we found that the transmembrane segments. Together, these considthe different phenotypes of ␣7-6 and ␣7-2 are readily erations favor the view that the conversion in ionic selecexplained assuming that the protein is in equilibrium tivity results from a local structural reorganization in the between only two states, a basal (B) and an active (A) vicinity of the proline insertion. state, and that a single difference in the isomerization constant between the two states occurs between ␣7-6 Possible Location of the Charge Selectivity Filter and ␣7-2. 1992) , this ring of polar residues, as well as the intermediate ring of charged residues, was proposed to form the narrow channel constriction on the muscle-type receptor. Also, decreasing the net charge of the intermediate ring of charged residues was found to significantly decrease the conductance for cations (Imoto et al.,  1988) . Recently, the SCAM method has been used to identify amino acids involved in the gate of the ion channel. By applying cysteine-reactive reagents both intracellularly or extracellularly, together with reagents of different chemical structures, the authors located the gate between residues G240 and T244 of the muscletype ␣1 subunit (Wilson and Karlin, 1998). Their homologs in ␣7 are G236 and S240. Our results, which show that the proline has to be inserted within the 234-238 region to switch the ionic selectivity, together with the notion that the narrowest part of the ion channel is located within or at the vicinity of this region, support the conclusion that this segment directly interacts with the permeant ions and contributes at least in part to the with a channel here permeable to anions. USA 93, 1853-1858.
